We study in detail the macrobending effects in a wide transmission bandwidth (~200nm) 19 cell hollow-core photonic bandgap fiber operating at 1550nm. Our results indicate low bend sensitivity over a ~130nm wide interval within the transmission window, with negligible loss (<0.1dB) for bending radii down to 5mm. The "red shift" and "blue shift" of the bandgap edge have been observed at the short and long wavelength edges, respectively. The cutoff wavelengths where air-guiding modes stop guiding can be extracted from the bending loss spectra, which matches well with the simulated effective refractive index map of such fiber.
INTRODUCTION
Hollow-core photonic bandgap fibers (HC-PBGFs) have attracted interest ever since their first appearance, as the guidance in an air core provides extremely low optical nonlinearity, the ultimate low-latency, potential for low loss, as well as an ideal platform for extremely efficient interaction between light and gases 1 . In recent years, research has focused on fiber development, with significant improvements achieved in terms of increasing the operating bandwidth, understanding and controlling the modal properties and scaling up the longitudinally uniform fiber length 2, 3 . Several high performance HC-PBGFs have been demonstrated so far for a range of applications. Among them, for the reasons of low latency, low nonlinearity and potential (not yet demonstrated experimentally) to outperform conventional fibers in terms of transmission loss, these fibers are of great interest for tele-communication and other time-sensitive applications, such as intra and inter data center interconnection, high performance computing and bespoke data network for financial sectors 1 . In order for HC-PBGFs to be deployed for application trials of realistic scale and situation, a number of fiber properties often overlooked, such as bend related loss and mode coupling effects, should be thoroughly investigated. Macrobending effect, for instance, is one of such important properties. More importantly, it is relevant not just to telecom/datacom applications but also to sensing applications, where the ability to achieve a compact device footprint by tightly coiling the fiber is often of paramount importance. Previous studies on macrobending effects used a high loss fiber and only the "red shift" feature was observed 4 . Here we present a detailed study of macrobending effects on a stateof-the-art HC-PBGF with combination of extremely wide transmission bandwidth (>200nm) and low loss (~5dB/km), and excellent longitudinal uniformity 5 .
Our measurements indicate that the fiber is substantially bend-insensitive over a bandwidth region of ~130nm at the center of the transmission bandgap, with negligible loss (<0.1dB) for bending radii down to 5mm and 30 turns. At wavelengths near the bandgap edges and in proximity of surface mode anti-crossings, the fiber shows more obvious bend sensitivity, which we explain in terms of bend-induced coupling to lossier higher-order/surface/cladding modes. As will be shown in the following, such increased mode coupling gives rise to a number of different effects. Bend-induced coupling to cladding modes and/or surface modes causes a substantial shift of the short wavelength edge to longer wavelengths and to a less pronounced shift of the long wavelength edge to shorter wavelengths. The combination of these two effects results in a narrowing of the transmission bandgap of the fiber. The effects of air-guiding modes' cutoff and higher order core-guiding modes subjecting to higher bending loss produce steps corresponding to the cutoff points of such modes.
DESCRIPTION OF HC-PBGF UNDER TEST
The HC-PBGF utilized in this study was described in an earlier work 5 . This fiber has a 19 cell core and 5½ rings of cladding holes. It has a ~153µm outer diameter, ~30µm core diameter, 6.2µm hole-to-hole spacing (Λ), a relative hole size (d/Λ) of ~0.99 and average cladding strut thickness of just ~50nm. The mode field diameter of this fiber at 1550nm is estimated to be ~22 µm. This means that the core diameter (hence the corresponding mode field diameter) of this fiber almost double the size reported in an earlier study by Hansen et al 4 . A Scanning Electron Microscope (SEM) image of the fiber is shown in Fig. 1(a) . The spectral loss of the fiber, determined via a cutback measurement, is shown in Fig. 2  (b) . The lowest loss value is around 5.2 dB/km at 1560nm. It is worth noting that this fiber has a very flat loss spectrum and a 3dB bandwidth (wavelength interval over which the loss is less than twice the minimum loss) exceeding 200nm (this was determined by another cutback measurement on a short section of this long fiber where the measurement was not limited by source power and Optical Spectrum Analyzer (OSA) dynamic range). Outside the low loss region, the fiber shows transmission with higher loss from ~1225 to 1725nm, with two broad loss peaks due to groups of surface modes at around 1350 and 1425nm; these can be easily identified in the spectral transmission recorded in "loose" condition shown in Fig 2(a) . In order to assess the longitudinal uniformity of this fiber, a novel side scattering measurement was carried out for the whole fiber length 6 . The result is shown in Fig 3 (c) , in which a flat slope corresponding to ~5dB/km loss is observed and only minor deviations and very small scattering events, demonstrating that the fiber structure is highly uniform along the full length.
For the present study we used samples taken from this 11km long fiber. The various measurements carried out and described in the following section used approximately 60m of the fiber. By virtue of the excellent longitudinal uniformity of the fiber, we are confident that the results obtained reliably describe the properties along the full length. 
BENDING LOSS OF THE HC-PBGF
The bending loss was measured by using a white light source (Bentham WLS100) and optical spectral analyzer (Ando AQ6315). A large mode area fiber was utilized for optimum input coupling into the HC-PBGF. From previous observations, this approach ensures efficient and selective coupling to the fundamental mode of the HC-PBGF, although lower intensity higher-order modes inevitably exist. For all measurements, we then chose to fine tune the input coupling so as to maximize the overall output power; input launch conditions are thus consistent for all the measurements. Particular care was taken to ensure that the source intensity and coupling condition were stable during all the measurements.
Bending loss was measured in two ways. Firstly, we imposed a fixed number of 10 turns but with different radii (40mm, 20mm, 15mm, 10mm, and 5mm). The corresponding transmission spectra were recorded and compared to the transmission spectrum of the fiber in a "loose" or "unbent" condition (the fiber was loosely coiled with a diameter of ~32cm). The results are shown in Fig 2(a) and 2(b) and highlight a monotonic increase of the bend loss as the bend radius is reduced. We then fixed the bend radius to the smallest value measured in the previous series, i.e. 5mm, and increased the number of turns (i.e. the length of fiber bent) gradually from a single turn to a maximum of 30 turns. The transmission spectra were recorded and again compared to the unbent spectral transmission -the results are shown in Fig. 2 (c) and 2(d).
The effect of bending on this fiber can be divided broadly into two regimes: over the first region, which coincides with a substantial portion of the lowest loss transmission window of the fiber, the fiber loss is negligibly affected by bendingwe term this the bend insensitive region; outside the bend insensitive region, i.e. close to the bandgap edges and to the surface modes anti-crossing points, the loss is increased through bending. This is the bend sensitive region. We first focus on the bend insensitive region. As shown in Fig. 2 , even in the most extreme condition (5mm diameter, 30 turns), there is negligible bend loss (<0.1dB) for wavelengths between 1550nm and 1680nm in this fiber. These bendresistant region coincides with the low loss region of the fiber, which is obvious by comparing to the loss measurement shown in Fig 1(b) . If consider the large mode field diameter (~22 µm) of the fiber, this level of bend-resistance is even remarkable, which is much superior to that of a standard single mode fiber under similar bending conditions.
We then studied the bending sensitive region in detail. We observed that bending caused a "red" shift of the short wavelength bandgap edge to longer wavelengths, which is similar to what was reported by Hansen et al 4 . By comparing the curves for "unbent" and 5mm bend radius in Fig 2(a) such shift -in this case approaching ~50nm, is very obvious. By comparison the long wavelength edge appears to be more robust, though a weaker "blue" shift (i.e. to short wavelength) is also observed. The net effect of the edge shifts is a reduction of the transmission bandgap, though the region of lowest loss in our fiber is relatively unaffected. The effect can be explained with an increased coupling from the fundamental air guided mode to cladding modes as the fiber is subject to increasingly tighter bends. A similar behavior to what described here has been observed in an all-solid photonic bandgap fiber 7 . We suggest that the underling physics should be the same in both fibers despite obvious structural differences. Unsurprisingly, the region where surfaces modes are located are also affected by bending. An important feature of the transmission of the bent fiber and also shown in the bend loss curves is the presence of distinctive loss steps located at wavelengths from the low loss region (~1550nm) to the surface mode anti-crossing peak at ~1425nm. At least three different steps can be identified: 1450-1480, 1480-1510 and 1510-1540nm. These loss steps can be found in other spectral regions, although they are relatively less obvious compare to those between 1425nm and 1550nm.
In order to understand these loss plateaus, a high fidelity reproduction of the fiber cross-section from its SEM image was input into a finite element solver and its modal properties were simulated 8 . The map showing the effective refractive indices for the closet 40 modes to the air line (including the first 5 core-guided LP mode groups as highlighted) are shown in Fig. 3(b) . It can be observed that both the position and width of the photonic bandgap obtained by simulation agree very well with the experiment results in the unbent regime, which can be seen by comparing Fig 3(b) to Fig 2 (a) or Fig 2 (c) . In particular, our model is capable of predicting very accurately the position of the surface mode anticrossings, which divide the transmission bandgap into three sub-windows.
To assist discussion, we directly compare the modal map to the spectral features in the bend loss spectrum recorded for a bend of 5mm bend radius and 30 turns, shown in Fig 3 (a) and (b) . As can be seen from Fig 3 (b) , the fundamental mode (LP01 mode group) has the highest effective index and exists over the widest range of wavelengths, being the only coreguided mode near the short wavelength edge of each of the three sub-windows. Higher order modes have progressively lower effective indices and thus exist over narrower windows centered at increasingly longer wavelengths. At the long wavelength edge, the situation reverses, in that the fundamental mode is the first to interact with cladding or surface modes and thus to experience high loss, followed by higher-order modes. The various air guided modes in a HC-PBGF thus have a short wavelength cutoff, a concept analogous to conventional step-index fibers (although it is a long wavelength cutoff in that case) 9, 10 . It is well known, for a step index single mode fiber, that several loss peaks will be presented at short wavelengths (where the single mode fiber no longer "single mode") if it is bent to a certain radius. This feature is commonly used to determine the cutoff wavelength of a single mode fiber 10 . Similar situation happens in the HC-PBGF. However, the signature of this effect in these fibers appears in the form of the decreasing loss steps from 1450 to 1540nm in Fig 3 (a) , with step edges corresponding to air guided modes' cutoff wavelengths. This is due to the unique short wavelength cutoff feature, as we have just discussed and the fact that these cutoff wavelengths for higher order modes are much closer in HC-PBGFs than in a step index fiber. Furthermore, the increased bend sensitivity near the short wavelength side of a bandgap 7, 9 in a HC-PBGF make this staircase effect more pronounced. It is apparent that by exploiting this feature, bending test offer a direct method for determining different core guided modes' cut-off wavelengths (including both the fundamental mode and other higher-order modes) in a HC-PBGF. This is useful, for example, when strict single mode operation is required, as in many applications where modal quality is of great importance. Indeed there will be a narrow band over which a HC-PBGF operates effectively as a single mode fiber (around 1450nm-1480nm in this particular case).
CONCLUSION
An in depth understanding of macro-bending loss in HC-PBGFs is important for their long haul data transmission tests and sensing applications. We used the differential transmission loss measurements to explore bend effects in such fiber. There are some features that can be observed at its bending-sensitive region. For example, there is a "red shift" at the Fig. 3 : Comparison between (a) the bend loss spectrum measured for a 5mm bend radius and 30 turns, and (b) Simulated mode effective refractive index maps for the fiber in this study. The shaded areas represent areas outside the bandgap (modes only guided in the cladding) and surface modes within the bandgap, where pure core modes are equally not guided. It can be seen that there are two groups of surfaces modes in the bandgap, which separate it to three sub-sections. More importantly, the map shows the cutoff wavelengths of the various core guided modes, i.e. wavelengths at which those modes begin interacting with the surface/cladding modes and thus become lossier.
short wavelength, while this shift becomes "blue" when comes to the long wavelength bandgap edge. Based on the bending loss spectra, it is possible to identify the cutoff wavelengths for different air guiding modes in a HC-PBGF. Despite these features, the most important and useful part of a HC-PBGF transmission window is the bending-insensitive section. Our results show that the fiber is substantially bend-insensitive over a bandwidth region of ~130nm at the center of the transmission bandgap, with negligible loss (<0.1dB) for bending radii down to 5mm (30 turns). This uniquely positions HC-PBGFs as superior media for many applications requiring tight bending.
